SYNOPSIS. Often, as environmental endocrinologists, we observe animals in nature with the goal of describing their normal endocrinology. However, the contamination of virtually all natural habitats by chemicals of anthropogenic origins (e.g., PCBs, organochlorines, phytoestrogens, alkyphenols, heavy metals) that might alter endocrine conditions suggests we need to reevaluate many of our field studies with respect to points of reference or controls. The impaired response of the stress axis of feral brown trout, Salmo trutta, correlated with chronic exposure to heavy metals is examined as a case in point although the problems extend to other hypothalamic axes as well. Our studies emphasize that measurement of one static endocrine parameter to assess the health of any hypothalamus-pituitary axis (e.g., plasma cortisol levels to indicate stress) should not be used as a biomarker for field studies.
Comparative endocrinologists often attempt to describe the roles of neuroendocrine and endocrine factors related to major life history events such as development, sexual maturation, and reproduction while observing animals in their natural habitats. The integration of endocrinology with behavior, ecology, and other aspects of physiology of animals is viewed with an evolutionary perspective. Because of a preoccupation with environmental factors that influence neuroendocrine axes and a focus on major life history, these scientists often are called ''environmental endocrinologists.'' In contrast to this orientation, some comparative endocrinologists study non-mammalian vertebrates or invertebrate animals as model systems in which to unravel basic mechanisms of endocrine function that could shed light on processes in other taxa including humans. Irrespective of our focus, most comparative endocrinologists have a sense that understanding of endocrine systems should tell us something about how animals function in nature and how these mechanisms may have evolved.
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Endocrine-disrupting chemicals (EDCs; also called xenobiotics) could disrupt natural systems in several ways. They may act by mimicking or inhibiting the actions of a hormone through interaction with its receptor and mechanism of action, by altering synthesis of a hormone or its receptor, or by altering the rate of metabolism and/or excretion of the hormone. The first widespread recognition of an EDC was the association of the estrogenic pesticide DDT with reproductive failure in birds (see Colborn et al., 1996; McLachlan and Arnold, 1996) . The banning of the use of DDT in the USA was followed by a marked recovery among the threatened avian species. The discovery of DDT effects on reproduction and the ban of its use was paralleled by the demonstration of the cancer-inducing actions of a powerful synthetic estrogen, diethylstilbestrol (DES), and its discontinued clinical use in humans (see review by Newbold, 1999) . In spite of these events, many comparative endocrinologists continued their field studies as before.
Within the past 10 years have come dramatic reports of feminization of fishes by sewage effluents (Mattheisson, 1998; Mattheisson and Sumpter, 1998) , development of imposexes in gastropod mollusks (Fent, 1996) chemical pollution (e.g., Guillette et al., 1996) , impaired reproductive function in birds following accumulation of polychlorinated biphenyls (PCBs) (see Feyk and Giesy, 1998) , decreased immunological function in seals (see Ross et al., 1996) , and reductions in number and percent motility of human sperm (see Swan et al., 1997; Toppari and Skakkebaek, 2000) . These and other reports of impairment in endocrine functions (i.e., endocrine disruption) allegedly attributed to many of the hundreds of anthropogenic chemicals ranging from alkyphenols to zinc that are accumulating in our environment (e.g., see Colburn et al., 1996; Kendall, R. et al., 1998) . Whether willing or unwilling, comparative/environmental endocrinologists now are participants in the new discipline of ecotoxicology (Banks and Stark, 1998) , and they must acknowledge the potential impact of EDCs on the animals they study. It is suggested that there is no threshold level (no effect level, NOEL) for any chemical that mimics the action of a natural hormone (see Sheehan et al., 1999) . So, in our studies of wild animals, how can we be sure that we are studying natural roles of adrenal, thyroid, or gonadal hormones and not those that have been altered in some way by EDCs? It is clear that we need a standard for comparison, but what shall we use? In the following discussion, I will address this question, using the neuroendocrine stress axis of wild vertebrates, specifically teleostean fishes. (Levine and Ursin, 1991; Weiner, 1991) , most researchers concede that a stressor is a factor that disturbs the natural homeostatic balance within an organism and produces general stress as well as specific responses to a stressor (see Chrousos, 1997) . Furthermore, chronic stress may produce predictable secondary alterations in the physiology of animals (Fig. 1) .
The neuroendocrine stress axis in vertebrates is the hypothalamus-pituitary-adrenocortical (HPA) axis. The alternative name, hypothalamus-pituitary-interrenal (HPI) axis, frequently is applied to teleosts in which the interrenal gland is homologous to the adrenocortical cells of mammals (see Norris, 1997; Sumpter, 1997) . The term ''interrenal'' may be applied to amphibians as well. In addition, the sympathetic nervous system also participates initially in the stress response through the release of epinephrine or norepinephrine from the adrenal medulla or its homologue in many nonmammals (chromaffin tissue). Since this discussion emphasizes chronic rather than acute stress, only the involvement of the HPA axis will be considered.
The following general description of the HPA axis in vertebrates is based on reviews by Norris (1997) and Norman and Litwack (1998) . Specifically, in response to signals from higher brain centers the hypothalamus Barton and Iwama (1981) , Barton and Grosh (1997) , Bry (1982 Bry ( , 1985 , Pottinger et al. (1995 Pottinger et al. ( , 1996 , Schreck et al. (1997) , Tomasso et al., 1981a, b. Hontela (1997) .
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of fishes and tetrapods secretes neuropeptides that regulate pituitary secretion. The major hypothalamic regulating neuropeptide is corticotropin-releasing hormone (CRH) which stimulates the synthesis and release of corticotropin (ACTH) by the pituitary gland into the blood. ACTH in turn causes the adrenocortical (interrenal) cells to secrete the glucocorticoids, cortisol and/ or corticosterone. Glucocorticoids also exhibit negative feedback on the HPA axis, especially at the level of the hypothalamus (see Herman and Cullinan, 1997) and can influence CRH and ACTH secretion. In addition, prolonged elevation of glucocorticoids can bring about a partial or complete repression of reproductive function, reduction in body weight, and impairment of the immune response system ( Fig. 1 ) through a variety of mechanisms. Thus, it is important to understand the status of the HPA axis in vertebrates before attempting to interpret reproductive status, growth, or general health of a population. A similar argument may be made for the hypothalamus-pituitary-thyroid (HPT) axis, too, since hypothyroidism typically is associated with reduced reproductive performance in all vertebrates as well as reduced adrenocortical function.
THE STRESS AXIS OF TELEOSTS Although cortisol is termed a glucocorticoid in mammals because of its role in carbohydrate metabolism (e.g., gluconeogenesis), it functions in teleosts as both a glucocorticoid and a mineralocorticoid (see Norris, 1997 ). Thus, the major actions of cortisol in fishes are the regulation of ion balance in the gills as well as metabolic actions on liver and muscle that direct nutrients to the central nervous system.
In many studies of fishes, investigators interpret an elevation in plasma levels of cortisol following exposure to a stressor as a biomarker to indicate that an animal is under acute or chronic stress (Barton, 1997; Barton and Iwama, 1991; Sumpter, 1997) . In nature, one also has to take into account daily and seasonal rhythms in basal corticosteroid secretion in the experimental design. For example, circulating cortisol levels and the stress response are influenced in trout by reproductive state and gonadal steroids (Bry, 1985; Pickering and Christie, 1981; Pottinger et al., 1995 Pottinger et al., , 1996 . However, using a simple elevation in cortisol as evidence of stress may be misleading in teleosts as well as in other vertebrates. Many studies have demonstrated that application of a stressor may cause only a transient increase in cortisol followed by a return to baseline or the pre-stress level; for example, acclimation of a freshwater trout to sea water (Dickhoff et al., 1990) . Furthermore, fishes are extremely sensitive to a wide variety of stressors (Table 1) and can exhibit marked increases in cortisol within a few minutes following exposure to a stressor such as handling or confinement (Table 2; see also review by Barton and Iwama, 1991) or electroshock (Barton and Grosh, 1996) . Consequently, it is difficult to obtain true baseline data on cortisol levels for fish- es in the field. These same problems may exist for other vertebrates as well.
BROWN TROUT AND METAL POLLUTION Studies on feral populations of brown trout, Salmo trutta, in Colorado streams polluted with heavy metals led us to suspect that brown trout living in contaminated regions of the river (chronic exposure) were under greater stress than fish living upstream in cleaner water. The metals closest to toxic (lethal) thresholds in these waters typically are cadmium (Cd) and zinc (Zn) (Davies, 1989; Brown et al., 1994) . In particular, Cd acts as an endocrine disruptor in vertebrates (see Keith, 1997) . Cd, for example, alters the sensitivity of pituitary gonadotropes to hypothalamic gonadotropin-releasing hormone (GnRH) in Atlantic croaker, Micropogonias undulatus (Thomas, 1989; Thomas and Wofford, 1993) , decreases levels of glucocorticoid-dependent gluconeogenic enzymes (Mounib et al., 1976) , and affects the responsiveness of adrenocortical tissue to ACTH in yellow perch, Perca flavescens and rainbow trout, Oncorhynchus mykiss (Brodeur et al., 1997; Hontela, 1997; Hontela et al., 1995) . Woodling (1993) collected brown trout living in metal-contaminated water of the Arkansas River and transferred them to cages located upstream in a toxic site where no fish could live because of the lethal levels of metals, primarily Cd and Zn, entering the river at that point. He also transported comparable trout from an uncontaminated (clean) site located upstream from the toxic site to cages in the toxic site. Reciprocal transfers were made to control for capture, handling, and placing fish in cages (fish from the clean site placed in cages at the contaminated site downstream of the toxic site; downstream fish to the clean site, etc.). According to laboratory data (Anadu et al., 1989; Hobson and Birge, 1989; Kito et al., 1982; Pascoe and Beattie, 1979; Sinley et al., 1974) , fish previously exposed to Cd or Zn (i.e., the downstream brown trout) should be more resistant to a lethal dose of metals (i.e., the toxic site) than fish previously unexposed to metals (i.e., brown trout from the clean site). Unexpectedly, the fish collected downstream were the first to die in the toxic site. Eventually, all of the fish in the toxic site died, but none of the fish transplanted to other river sites died. Duplication of this experiment on another contaminated river, Clear Creek, yielded similar results (Woodling, 1993) . Chronic exposure of fish to metals provided them no special resistance but instead seemed to make them more susceptible to the toxic effects of these pollutants.
To test the hypothesis that the stress response mechanisms of brown trout chronically exposed to metals is compromised, we employed radioimmunoassay to measure baseline cortisol levels of brown trout in blood plasma taken immediately after electroshocking the fish in the Eagle River (Norris et al., , 1999 and in Clear Creek (Norris et al., unpublished data using same protocols as for the Eagle River). There were no differences in basal plasma cortisol levels between fish living in clean water and those living in contaminated regions of these rivers several miles downstream (Table 3) . However, histological examination of adrenocortical tissue from Eagle River fish from the contaminated site revealed evidence of chronic stimulation by ACTH as well as increased numbers of CRH-immunoreactive cells in the hypothalamus . These results suggested to us that the hypothalamus and pituitary glands, and possibly the adrenocortical tissue, of these metal-exposed fish are hypersecreting to maintain similar ''baseline'' cortisol levels.
Many studies have established that acute or long-term confinement of salmonids is sufficient to elevate plasma cortisol levels (see Table 1 ). These levels can remain elevated for as long as 24 hr or more after an acute episode of capture and confinement (Pickering et al., 1987; Pottinger and Mosuwe, 1994; Pottinger et al., 1987) . Brown trout not pre-exposed to metals but confined for 24 hr were able to maintain the initial stress response for at least 24 hr (Pottinger et al., 1995) . Therefore, we decided to subject fish from metal-contaminated and uncontaminated sites in the Eagle River to a 24-hr severe confinement stress (Wedemeyer et al., 1990 ) to see if their HPA axes would respond in a similar manner. We observed a delayed response in cortisol secretion by brown trout from the contaminated site following one hour of confinement in spite of higher plasma levels of ACTH (Norris et al., 1999) . Although there was no difference in plasma cortisol following 3 hours of confinement, plasma levels of ACTH were significantly higher in fish from the contaminated site at that time. Finally, fish chronically exposed to contaminated water could not maintain elevated ACTH and cortisol both of which decreased significantly between 12 and 24 hr of confinement (Figs. 2, 3) .
Although these data from the Eagle River are correlative and do not demonstrate a cause-effect relationship between higher metal concentrations and disruption of the HPA axis, there is evidence from other studies to support the possible action of Cd on the HPA axis of brown trout. However, independent or synergistic influences of Zn or even other metals can not be ruled out completely since there are no comparable data like the Cd studies in fish. Cd may act at the level of the adrenocortical cells, causing them to be less responsive to ACTH. Evidence for an adrenocortical site of action is supported by failure of yellow perch chronically exposed to Cd to respond normally to injections of ACTH (Hontela, 1997) . Accelerated metabolism of cortisol by the liver and/or elevated kidney clearance of cortisol following chronic exposure to metals could increase CRH and ACTH secretion through normal feedback pathways. Because of adrenocortical insensitivity, chronically exposed brown trout appear to maintain elevated hypothalamic and pi- tuitary activity to achieve baseline cortisol, leaving them little reserve to deal with a severe stress such as collection/confinement (Norris et al., 1999) or collection/confinement/toxic chemical exposure (Woodling, 1993) . If elevated cortisol is a mechanism to maintain homeostasis when faced with a stressor, fish chronically exposed to heavy metals are clearly disadvantaged. They must secrete more CRH and ACTH in order to maintain a baseline level of cortisol, and, when challenged with a severe stressor, the HPA axis cannot maintain an optimal stress response.
WHERE DO WE GO FROM HERE?
In one way, we were extremely fortunate to have chosen brown trout for this study because they are relatively sedentary, especially at the size we studied (about 25 cm mean total length; Young, 1994) . The fidelity of these fish to a specific site was supported by the significantly higher levels of metals present in the kidneys of fish from the contaminated sites (see Norris et al., 1999) . Had we chosen to examine rainbow trout, which move considerable distances in relatively short periods of time, we might have missed the site-based influences of metals and perhaps had no clue as to their endocrine disrupting potential.
If we had only examined baseline plasma levels of cortisol as evidence of stress, we perhaps would not have detected the disruption of the HPA axis of trout in the metal-contaminated waters. Plasma cortisol is a static measure by itself and does not provide information concerning the dynamic nature of the system. Our data suggest either a more rapid turnover of cortisol in the presence of metals or an impaired receptor/ secretory mechanism in the adrenocortical cells. It is clearly important not to rely on one measure when assessing the state of the HPA axis in wild animals. Determination of cortisol turnover might be too complicated to perform routinely in the field. However, a simple 24-hr stress test (Norris et al., 1999) or an ACTH-challenge test (Brodeur et al., 1997; Hontela, 1997; Hontela et al., 1995) would provide a better comparison with respect to a reference sample obtained at time of capture. The reference cortisol level could be influenced by the stress of capture and, therefore, may not be the baseline or resting level. However, it would pro-vide a reference point for comparisons within populations and between populations.
The total picture may be even more complicated. We have evidence for disruption of other endocrine-related systems in metalexposed feral brown trout including reduced liver size, reduced activity of hepatic ornithine decarboxylase activity (Norris et al., 2000) and preliminary unpublished evidence for disturbances in both the immune response system (e.g., altered leucocyte counts and macrophage activity) and in the reproductive system (decreased plasma estradiol levels in females).
Another problem highlighted by our studies is especially important in assessing the actions of EDCs in natural populations. Can short-term laboratory studies be extrapolated to chronic conditions in nature? Perhaps, but our experience with metal exposure suggests we need to test such suspected relationships in the field and not assume anything.
Analyzing impacts of xenobiotics on other hypothalamo-pituitary axes in natural populations poses similar problems for investigators. One major difficulty rests with the establishment of an absolute control condition when in fact the best we may be able to come up with is a reference point or a reference population for comparison. Because of the widespread distribution of many potential EDCs, it may be impossible to find a control population that has not been exposed to the EDC being studied or some other EDC.
We may never be able to prove that xenobiotics have altered the baseline for endocrine functions even though we suspect it to be true. Consider the case for DDT in California amphibians which exhibit measurable body burdens of this pesticide years after its use was banned (see Noriega et al., 1997) . Can we use reproductive parameters from such a population as a control for evaluating the actions of DDT or other suspected EDC on the same species in another location? When comparing the alligators of Lake Apopka with those from Lake Woodruff (Guillette et al., 1996) , are we actually comparing two points on a dose-response curve to xenobiotics due to the possible pre-exposure of the Lake Woodruff animals to the same or another environmental estrogens (or even non-estrogenic xenobiotics)?
Finally, there are some other additional concerns to be addressed. The possible synergisms of different EDCs on animals in nature generally have not been addressed or adequately assessed even at the level of general chemical classes. When examining potential impacts of a mixture of xenoestrogenic compounds (e.g., alkyphenols, synthetic birth control drugs, estradiol, and other estrogenic compounds found as a mixture in sewage treatment effluents; Mattheisson and Sumpter, 1998; L. Barber, personal communication) , is the whole greater than, less than, or equal to the sum of its parts? Similarly, what impact does an EDC-induced change in one axis (e.g., thyroid or adrenal) have on the activity of another axis (e.g., the gonadal axis)?
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